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Popolazioni Stellari risolte 
Le equazioni degli 
interni stellari - parte I 
3 
TESTI   CONSIGLIATI 
•  “Astrofisica stellare” – Castellani 
•  “Evolution of stars and stellar populations” -  Salaris & 
Cassisi 
•  “Astrophysics I – Stars” - Bowers & Deeming  
•  “Evoluzione stellare”  -Castellani & Giannone 
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Questa integrazione produce UN PUNTO nel  diagramma 
HR che identifica la Luminosita e temperatura sup di quella 
data struttura stellare che verifica il sistema di equazioni che 
abbiamo descritto nel corso di Astrofisica Stellare 
Evoluzione Stellare - 
parte II 
6 
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Passi Temporali 
Assegnate dunque una massa ed una composizione 
chimica è possibile calcolare (sulla base delle 
equazioni del sistema) un modello stellare. 
L’evoluzione temporale di questo modello 
costituisce una “traccia teorica” 
Viene costruita calcolando una sequenza di 
modelli al variare del passo temporale Δt. 
 
8 
Questa integrazione produce UNA serie di PUNTI nel  
diagramma HR che identificano la Luminosita e Temperatura 
sup di quella data struttura stellare al variare del  tempo 
                          ===  TRACCIA EVOLUTIVA 
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INPUT 
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Modello 
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Evoluzione Stellare - 
parte II 
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La variabile tempo interviene: 
1.  Nella variazione della composizione 
chimica  
(a causa delle reazioni termonucleari 
che modificano la composizione 
chimica locale della materia stellare) 
2.   Variazioni nella struttura fisica 
locale della stella 
Evolutionary tracks in the HR Diagram 
13 
Le tracce evolutive sono le sequenze che abbiamo analizzato e  
commentato nel  corso di Evoluzione Stellare 
Isochrones from  tracks  
 An isochrone of age T is a curve in the HR Diagram connecting  
points belonging to  tracks of stars with different masses at the same age  
Isochrones in the HR Diagram 
All’aumentare dell’età  
(e a parità di Z) … 
1) Turn-Off più freddo e  
meno luminoso 
2) SGB meno esteso in  
temperatura 
3) RGB sviluppato ed  
esteso solo dopo ~1 Gyr 
(RGB Ph-T) 
4) Luminosità dell’HB 
costante dopo ~1 Gyr 
Effetto dell’età sulle isocrone … 
1)  Forma ad “uncino” della 
regione del TO 
(presenza di un core  
convettivo) 
2)  RGB poco esteso e  
popolato (pre RGB Ph-T) 
3) Blue-Loop (bruciamento 
centrale di He)  
Popolazioni giovani … 0.1 Gyr 
1)  Forma ad “uncino” della 
regione del TO 
(presenza di un core  
convettivo) 
2)  RGB in fase di sviluppo 
(RGB Ph-T) 
3) He - Clump (bruciamento 
centrale di He)  
Popolazioni intermedie … 0.7 Gyr 
1)  Forma ad “uncino” della 
regione del TO 
(presenza di un core  
convettivo) 
2)  RGB esteso e  
popolato (post RGB Ph-T) 
3) He - Clump (bruciamento 
centrale di He)  
Popolazioni intermedie… 2 Gyr 
1)  Presenza di un core  
radiativo (regione del TO) 
2)  RGB  esteso e  
popolato (post RGB Ph-T) 
3) Braccio Orizzontale 
(bruciamento centrale di He)  
Popolazioni vecchie … 13 Gyr 
Isochrones at  Z=0.02,  t = 1 and 13 Gyr 
Age = 1 Gyr 
CONVECTIVE CORE 
Age = 13 Gyr 
RADIATIVE CORE 

Brocato, Castellani, Di Carlo, Raimondo, Walker, 2003 
Evolutionary features 
•  Extended MS 
•  Hertzsprung Gap 
•  Blue Loop (He-burning phase) 
•  very “short”  Giant Branch 
Age ~ 150 Myr 
MTO ~ 4 - 5 MSUN 
NGC 1866 
Mucciarelli et al. (2007)  
Evolutionary features 
•  Hook-like shape of the TO 
region (due to the convective 
core)  
•  Sub Giant Branch  
(rapid evolutionary phase) 
•  RGB fully developed  
•  He-Clump (He-burning phase) 
Age ~ 2 Gyr 
MTO ~ 1.5 MSUN 


Evolutionary features 
•  ….. 
•  RGB fully developed  
•  Horizontal Branch (He-burning 
phase) 
Age ~ 13 Gyr 
MTO ~ 0.8 MSUN 
The main parameter that characterizes 
the evolution of a star is its mass 
  the time spent during the MS  
    depends on the mass 
  each star spends the majority  
    of its lifetime along the MS 
Same metallicity, but different ages Same age, but different metallicities 
Assuming the same age, also the chemical  
composition is important: it changes 
both the Turn-Off mass and the position 
of the isochrone 
MV MV 
The Turn - Off 
Theoretical definition:  
Along an evolutionary track, it marks  
the  point at which H is exhausted in the stellar core. 
Along an isochrone, it roughly corresponds to the hottest point.  
The Turn-Off point marks the end of the central H-burning phase 
Observational definition:  
It is the bluest point of the Main Sequence 
The Turn-Off mass is a function of the age: 
       it decreases as the age increases 
La MS si consuma  col tempo 
come una candela 
Abbiamo trovato un orologio  per  
misurare lo scorrere del tempo  
nell’Universo 
La lancetta di questo “orologio” 
Stellare e` la LUMINOSITA` del punto 
Terminale della MS  
(il cosiddetto Turn-Off : MS-TO) 
Visto che lungo la MS la luminosita` e’ 
Strettamente collegata con la massa 
spesso i modelli stellari forniscono 
le relazioni tra eta` di una popolazione  
e la massa della stella che si trova  
              al MS-TO   
The Turn-Off  mass 
Log MTO= 7.764 - 1.338 x log(t) + 0.0558 x log2(t) 
 1 MSUN         7 Gyr 
 2 MSUN     672 Myr 
 4 MSUN     116 Myr 
 8 MSUN          27 Myr 
10 MSUN        17 Myr 
It is possible to derive an analytic relation between MTO and t  
(once the chemical composition is fixed). 
All the stars with Min < MTO    are still in the MS phase 
                                                  (central H-burning)  
All the stars with Min > MTO  are evolved out of the MS: 
                                                they are in post-MS   
                                                phases  (SGB, RGB…) 
                                                or already died. 
MTO(t) (the relation that links the Turn-Off mass and the age)  
is the ENGINE of the clock for dating a SSP 
…. But the mass at the TO is not a direct OBSERVABLE.. 
Then we need to define an appropriate quantity which can 
be observed   
     Turn - Off 
magnitude level 
MAIN SEQUENCE 
 (unevolved stars) 
POST-MAIN SEQUENCE 
        (evolved stars) 
….remember the nomenclature 
Main Sequence : core hydrogen burning phase 
Sub Giant Branch : thick shell hydrogen burning phase, from central  
hydrogen exhaustion toward the Hayashi track 
Red Giant Branch : thin shell hydrogen burning phase, running parallel to 
 the Hayashi track until helium ignition 
Horizontal Branch : core helium burning phase 
Asymptotic Giant Branch : hydrogen and helium shell burning phase,  
again running parallel to the Hayashi track 
N.B. This is the nomenclature defined for a low-mass star (as the Sun).  
        For intermediate and high mass stars the Sub-Giant Branch is often  
        called “Herztsprung Gap“.  
        The stage of core helium burning is called  “Blue Loop“  for M > 2.2 MSUN 
        and “ Helium Clump “ for mass between 1.2 and 2.2 MSUN 

THEORY OBSERVATIONS 
L, Te V, B-V 
We need a “translator” to covert the language of theory 
into observational words 
TRANSLATOR 
 Which is the content of the TRANSLATOR? 
                      TEMPERATURES: 
T     -  Color index  -- reddening  --- observed colors 
                      LUMINOSITIES: 
L   --  Mbol  --    BC  -- absolute magnitudes (Mv)   -- 
 ----reddening --- (m-M)0   --    Observed magnitudes 
Which is the content of the TRANSLATOR? 
Mbol - M bol,sun = -2.5 log (L/Lo) 
     With M bol,sun = +4.72 
Hence  we can easily compute Bolometric  
Magnitudes from luminosities: 
      Mbol= -2.5 log (L/Lo) +4.72 
…… but ATTENTION:  theory and observations  usually 
refer to different magnitudes 
Which is the content of the TRANSLATOR? 
Which is the content of the TRANSLATOR? 
Mbol = - 2.5 log ∫π Fλ R2 dλ     Mv 
BCA  =  Mbol  - MA 
The BC to a given passband (A) depends on the stellar energy  
distribution (effective temperature, chemical composition, etc) and 
on the properties of the considered photometric passband 
       Theory and obs 
refer to different magnitudes 
 BC can be derived from (intrinsic) colors 
BCV  =  Mbol  - MV     ….            Mbol  =  MV  + BCV  
Let’s follow the procedure to convert  the apparent V magnitude 
and the B-V color of a star in a GC, into solar luminosities and 
temperature…. 
A TO star in NGC5466: 
   V=20    B-V=0.4 
 There are two main parameters that contribute to decrease the 
 apparent magnitude of a given star: Distance and extinction 
 Lets consider extinction first: 
m v,0 = mv - Av 
                  Av is the extinction parameter  
AV strongly depends on the wavelength…. 
What it is usually empirically determined is the so-called  
“extinction law” = the values of the ratio Aλ/Av 
i.e. the extinction at λ with respect to the V Johnson band 
The effect strongly increases at shorter wavelengths: 
              AK = 0.11 Av           AB= 1.32 Av     
              AI  = 0.60 Av           AU = 1.53 Av 
              AR = 0.82 Av 
The extinction depends on the 
properties of the ISM and a general 
extinction law has been derived 
for our Galaxy. It is not clear if it 
can be applied to other galaxies  
(and also to the Bulge of our Galaxy) 
The effect of the extinction on a given color index can be 
then derived: 
          (B- V)0 =  (B-AB) -(V -Av) 
                      =  (B-V)obs - (AB-Av) 
(AB-Av) is called color excess or reddening 
                                 =  (B-V)obs - E(B-V)  
    E(B-V)= (AB-Av) = 1.32 Av - Av = 0.32 Av 
                                Av = 3.12  E(B-V)…   the coeff 3.12 is also 
                                                         commonly written as RV  
… This is the other conventional way to write the reddening 
        (as a function of the E(B-V)..) 
Then  AB= 4.12 E(B-V) 
          AU= 4.77 E(B-V)… etc 
The color-color diagram is the ideal plane to determine the reddening… 
since once assumed the colors, the reddening vector is fixed  
The reddening can be derived  
from the shifts (along the 
reddening vector) needed to make 
the observed points matching the  
theoretical curves (computed, 
for example, for main sequence  
stars .. See figure) 
The color-color diagram is the ideal plane to determine the reddening… 
since once assumed the colors, the reddening vector is fixed  
E(B-V) 
Once the reddening is determined,  
the observed colors can be transformed into intrinsic colors,  
and the Temperature can be derived from empirical transformations 
Color - Temperature transformations 
The  effect of the distance is parametrized by the so-called  
TRUE DISTANCE MODULUS (DM), defined as follow 
                                (m-M)0 = 5 Log d - 5 
Where d is the distance measured in parsec.  
Note that at a distance d = 10 pc, the apparent and the absolute 
magnitudes are equal. (This IS the definition of absolute magnitude) 
This is called TRUE DM because it depends ONLY on the object 
distance. 
In the literature you can find other operative definitions of 
DM. The most used in dealing with stellar populations is 
the APPARENT DM which includes also the effect of the  
extinction: 
               (m-M)V = 5 Log d - 5 + 3.1 E(B-V) 
                  DO NOT CONFUSE THE TWO !!! 
The  problem of the accurate determination of the 
DISTANCE MODULUS  for a SP is particularly important 
because of its impact on the age determination….  
For this reason it is important to define a number of 
reference distance candles in the CMD of a SP..  
We’ll discuss them in the  
following 
Let’s come back to 
our example…. 
A TO star in NGC5466: 
   V=20    B-V=0.4 
   First correction:  
E(B-V)= 0.01 ± 0.01 
(m-M)0=16.62± 0.10 
(B-V)0 = (B-V) - E(B-V) = 0.40 -0.01 = 0.39 
V0 = V - 3.12 E(B-V) = 20 - 3.12 x 0.01 = 19.97 
              Mv = 19.97 - 16.62 = 3.35 
(B-V)0 =  0.39 
Temp = 6700 K  
(B-V)0 =  0.39  ---------->  BCV=-0.05   
MV =  3.35   ------>   Mbol = 3.35 -0.05 = 3.30 
Mbol= -2.5 log (L/Lo) +4.72 
3.30 - 4.72 = -2.5 log (L/Lo)  
-1.42 = -2.5 log (L/Lo) 
Log (L/Lo) = 0.57  ----->  L= 3.7 Lo 
Observations 
V=20 B-V=0.4 
      Theory 
  Te = 6700 K 
Log(L/Lo)=0.57 

Isochrones at  Z=0.02,  t = 1 and 13 Gyr 
The observable is the visual magnitude of the MS-TO 
                            V(TO) 
                 In general: 
    Log t = f(Mv(TO), Y ,[Fe/H]) 
   The needed information are: 
      V(TO), (m-M), E(B-V),  
                Y, [Fe/H] 
  Mv(TO)  =  V(TO) - (m-M)o - 3.1 E(B-V) 
CHEMICAL COMPOSITION 
MS-TO LUMINOSITY 
Information needed: 
V(TO), (m-M), E(B-V), Y, [Fe/H] 
For metal-poor population II: Y=0.24 and [Fe/H]=-2 
Log t = -0.15 +0.37 Mv(TO) 
For 
 Mv(TO)=0          Log t = -0.15   t=  700 Myr 
 Mv(TO)=+2        Log t =0.39     t=  2  Gyr 
Mv(TO)=+4         Log t =1.13     t = 13 Gyr 
±0.07 mag ±1 Gyr 
Also the temperature (color) of the TO changes with time.. However 
(B-V)TO is affected by a number of uncertainties (convection, color-
temperature transformations, strong dependence on metallicity, 
small dependence on age)   
 At fixed metallicity: 
δ(B-V)TO/ δt = 0.015 
 (B-V)TO changes 
by 0.015 mag/Gyr 
Also the temperature (color) of the TO changes with time.. However 
(B-V)TO is affected by a number of uncertainties (convection, color-
temperature transformations, strong dependence on metallicity, 
small dependence on age)   
    At fixed age: 
δ(B-V)TO/ δ[Fe/H]=0.2 
 (B-V)TO changes 
by 0.20 mag/dex 
Age determination: The MS-TO 
Age determination: The MS-TO 
Age determination: The MS-TO 
VTO=18.82 
In principle, the determination of relative ages should be less 
uncertain…  
We need to identify a “relative” observable in the CMD 
For old SSP  the HB magnitude level is  
almost constant 
In SSP older than 1.5 Gyr the HB magnitude level is 
almost constant : IT CAN BE USED AS REFERENCE 
MAGNITUDE    LEVEL   
Relative Age determination: The vertical method 
Operative definition 
The Magnitude difference 
between the TO and the 
ZAHB level at the 
instability strip  
Temperature (or color) 
logT=3.85, B-V=0.3 
  ΔV = VTO - VZAHB 
Relative Age determination: The vertical method 
The advantages of using   
ΔV = VTO - VZAHB 
It is independent from 
REDDENING 
DISTANCE MODULUS 
METALLICITY (almost) 
Operative definition: The ΔV(HB-TO) parameter has been defined in 
V, since the ZAHB runs almost horizontally in the instability strip 
region in the (Mv, B-V) plane    
Relative Age determination: The vertical method 
For populations older than   
~1-2 Gyr  the HB magnitude level is  
almost constant 
The Magnitude difference between 
the TO and the HB level should be 
a good “relative age indicator”  
Relative Age determination: The vertical method 
Relative Age determination: The vertical method 
Relative Age determination: The vertical method 
ATTENTION : when comparing observational and 
 theoretical quantities, you need to be sure to compare  
 quantities defined in a consistent way 
Relative Age determination: The vertical method 
The ZAHB level does NOT correspond 
to the mean level of HB stars. 
Hence we CANNOT compare 
DIRECTLY  <V>  to VZAHB   
VZAHB 
<V> δV = <V> - VZAHB 
This is one of the major source of error in determining the distance of 
GC (and SP in general) by using the HB level. In the literature many 
papers confuse ZAHB and observed HB level and derive distances 
which are systematically wrong.  
Note that this is the major reason why the Harris (1996) catalog  
lists distances to GC which are systematically short (of 0.2 mag)   
VZAHB 
<V> 
δV = <V> - VZAHB 
δV is of the order  
of 0.1-0.15 mag 
and it depends on  
the HB morphology 
Relative Age determination: The vertical method 
Horizontal method Δ(B-V) 
Color difference between the RGB 
and the TO   
     Δ(B-V) = (B-V)RGB - (B-V)TO 
Indeed also this parameter 
changes with age (it decreases 
as a SP gets older and older). 
(B-V)RGBis usually defined as 
the color of the RGB 2.5 mag  
above the TO magnitude 
Relative Age determination: The  horizontal 
method 
Also this “relative” parameter has a weak dependence on metallicity  
(since the TO and RGB colors have almost the same STRONG 
dependence on metallicity). 
BUT ATTENTION. The parameter is affected by all the uncertainties 
involved in the accurate location of the RGB in the HR diagram (mainly 
related to the mixing length parameter).  
Hence Δ(B-V)  should be used with caution    
Relative Age determination: The  horizontal method 
Note that at [Fe/H]=-1 
a difference in age of 
3 Gyr would move the  
TO color of only  
       0.025 mag !!! 

relative ages from Rosenberg et al. (1999)  
    & calibration from Gratton et al. (2003) 
early phases of collapse? 
14 Gyr 
12 Gyr 
 8 Gyr 
10 Gyr 
Metallicity effect on the isochrones 
Theoretical plane … 
Metallicity effect on the isochrones 
Theoretical plane … 
Increasing Z  
(at constant age) … 
1) All the isochrones become  
redder  
2) The Turn-Off becomes  
    redder  & fainter  
3) The RGB slope increases 
4) The RGB-Bump becomes  
fainter 
Metallicity effect on the isochrones 
Theoretical plane … 
In the infrared plane, the effect  
of the Z variation on the RGB  
slope is more evident 
Observational plane … 
Ideal observational planes  
in order to study Z : 
MK  - (V - K)   
MK  - (J - K)   
Observational plane … 
The position and the morphology 
(slope, etc) of the RGB in the CMD 
strongly depend on the metal  
content of the stellar population. 
On the other hand it poorly 
depends on the population age.   
We can then define a series of 
empirical parameters which can be  
used to derive a “photometric” 
estimate of the global metallicity 
of the considered stellar population  
 WHICH   Z ? … 
The first problem when we talk of metallicity is the operative 
definition of this quantity and how it is correlated with the 
theoretical one:  from the point of view of the theory, Z is the 
“metal content” = the abundance of ALL the chemical 
elements heavier than Helium. 
Solar metallicity is Zo=0.02  Log Zo = -1.7 
The metal content in any star or stellar population is 
refereed to this value   
                      [M/H] = Log Z - Log Zo  or historically  
                      [Fe/H] = Log Z - Log Zo 
Hence [Fe/H] = 0 means the same abundance of the Sun 
            [Fe/H] = -2 means  1/100 the Sun abundance   
            [Fe/H] = -1  means  1/10 the Sun abundance   
            [Fe/H] = +0.5  means  3 times the Sun abundance 
 WHICH   Z ? … 
Of course from the observational point of view the “metal 
abundance” cannot refer to the content of ALL the elements 
heavier than He. 
Historically the global metal content of a star has been identified 
(for years) with the iron abundance, by assuming   
                                       [M/H] = [Fe/H] 
However over the years it was evident that this assumption is 
wrong and the abundance of elements as O, Ne, Mg, Si etc cannot 
be ignored.  
Hence we need a more correct definition of metallicity before   
comparing theory and observations.  
 WHICH   Z ? … 
The   abundances  of different elements have different effects on 
the shape of the isochrones.   
Essentially, at a temperature around 4000 K the opacity is due to 
the b-f and f-f transition of the H-  ion. In order to generate this ion 
many free electrons are needed and since ionized H is virtually 
absent in this range of temperatures, the electrons must be 
generated by other elements.  
Indeed Fe, Si, Mg (and other heavy elements with a very low 
ionization potential) generate the free electrons needed to form 
the H-  ion.  This is the reason why the opacity at T<4000K 
strongly increases with the metal abundance.  
Then we expect to have stars with LOWER surface temperature  
for INCREASING metallicity 
 WHICH   Z ? … 
Then we expect to have stars with LOWER surface temperature  
for INCREASING metallicity.  Where? 
Along the RGB (where star surface temperature are in the right  
temperature regime) 
The  RGB position  STRONGLY DEPENDS ON METALLICITY 
 WHICH   Z ? … 
Moreover observational evidence demonstrated that the 
abundance of  α-elements  are significantly enhanced with 
respect to the Sun in metal poor stars…   
The  overabunce of  α-elements must be included into the metallicity. 
                                             HOW?   
 WHICH   Z? … 
The effect of the enhancement of  α-elements on metallicity can be  
 taken into account by defining the “global metallicity” 
          [M/H]  =  [Fe/H] + Log (0.638 fα  +0.362) 
Where  fα  is the enhancement factor of the α-elements 
                                        fα  =  10 [α/Fe] 
 WHICH   Z? … 
We need to study the effect of the α-elements on the isochrones by  
considering  ALL the  α-elements  (not only one ..) 
 The effect of  the metallicity on the  
Evolutionary sequences … 
The Red Giant Branch (RGB) and the photometric determination of 
metal abundances in stellar populations   
    Z = 0.001 
(V-K)-5.5 = 2.861 
(V-K)-5 = 2.709 
(V-K)-4 = 2.462 
(V-K)-3 = 2.266 
Photometric determination of  [ M / H ] 
From the theory we expect a different RGB morphology  
by increasing the metallicity 
    Z = 0.02 
(V-K)-5.5 = 5.036 
(V-K)-5 = 4.427 
(V-K)-4 = 3.671 
(V-K)-3 = 3.220 
Photometric determination of  [ M / H ] 
We can define a number of parameters that: 
(1)  characterize the RGB morphology  
(2)  correlate with the global metallicity of the 
SP  
(3)  can be used as “photometric indicators of 
metallicity”                    
              METALLICITY INDICES 
 1) RGB COLORS at fixed levels of 
magnitude (MK= -3, -4, -5, -5.5) 
 2) RGB slope 
3) RGB MAGNITUDES at fixed colors 
Photometric determination of  [ M / H ] 
The RGB-COLORS: 
the colors of the RGB mean ridge  
line at a fixed level of magnitude   
In the IR - CMD  they are usually 
(V-K) or (J-K) measured at fixed 
Mk (-3,-4,-5, etc) 
                    Magnitudes at fixed colors 
(V-K)0=3.0 
(J-K)0=0.7 
Photometric determination of  [ M / H ] 
The RGB-SLOPE: 
the slope of the upper 
RGB.  
Since the RGB ridge line 
can significantly deviate from 
the linear regime, it is 
commonly defined as the 
slope of the RGB portion 
between the HB level  
and the point (along the RGB) 
2.5 mag brighter than the HB 
level   
Similar parameters have 
been defined also in the 
(V,B-V)-plane 
Sandage &Wallestein (1960), Sandage &Smith
(1966), Hartwick (1968)… 
ΔV1.4 is the height of the RGB 
with respect to the HB  
measured at (B-V)0=1.4 
(B-V)0,g is the intrinsic color  
of the RGB at the HB level 
S2.5 is the slope of the line 
connecting two points along the RGB 
at the HB level and 2.5 mag brighter 
See Ferraro et al 1999, AJ,118, 1738  
 WHICH   Z ? … 
CNO  mainly affect the TO region: the larger is the CNO abundance,  
the sooner the CNO reaction overcome the pp-chain and the sooner 
the H is exhausted at the center. 
                          if the CNO increases the LTO decreases  
Parameters and indices defined above need to be calibrated in terms 
of metallicity before to be used. GGCs can be nicely used for these  
calibrations since the metallicity is known for most of them from  
spectroscopic studies. 
Operational steps: 
1. A number of GGCs with known metallicity and distance are selected  
2. IR photometry (combined with optical photometry) is secured 
3. The RGB mean ridge line (MRL) of each cluster is determined 
4. All the RGB MRL are plotted in the MK, (V-K)0 or (J-K)0 - plane 
5. The photometric indices of metallicity are measured along the RGB  
6.  The measured indices are plotted as a function of the metallicity 
7.  The indices-metallicity relations are derived 
8.  These relations can be used to derive an estimate of the metallicity in 
      SP where the metallicity cannot be spectroscopically determined   
3. The RGB mean ridge line (MRL) of each cluster is determined 
The RGB mean ridge lines can be derived from IR-CMD 
or optical-CMD 
Once the distance modulus and the reddening are known, the MRL can be 
placed into the MK,(V-K)0 -plane and the metallicity indices are measured 
 4. All the RGB MRL are plotted in the MK, (V-K)0 or (J-K)0 - plane 
Once the distance modulus and the reddening are known,  
the MRL can be placed into the MV,(B-V)0 -plane and the  
metallicity indices are measured 
(J - K) Mk=-3,-4,-5,-5.5 
(J-K)Mk = a x [M/H] + b 
Photometric determination of  [ M / H ] 
Calibrating photometric indices 
Linear relations with 
[Fe /H] and  [M /H ]  
(V - K) Mk=-3,-4 
(V-K)Mk = a x [M/H]2 + b x [M/H] +c  
(V - K) Mk=-5,-5.5 
(J-K)Mk = a x [M/H] + b 
Calibrating photometric indices 
Linear relation with 
[Fe /H] and  [M /H ]  
Quadratic relation with 
[Fe /H] and  [M /H ]  
Photometric determination of  [ M / H ] 
Calibrating photometric indices 
          COLOR INDEXES [(J-K),(V-K) etc] 
                              INCREASE  
as the metallicity of the  parent cluster INCREASES 
Magnitudes at fixed colors 
(V-K)0=3.0 
(J-K)0=0.6 
Photometric determination of  [ M / H ] 
Calibrating photometric indices 
        MAGNITUDE at fixed color [(J-K),(V-K) etc] 
                              DECREASES  
as the metallicity of the  parent cluster INCREASES 
slopeRGB 
Linear relation with 
[Fe /H] and  [M /H ]  
[ M/H ] = a1  slopeRGB + b1 
Photometric determination of  [ M / H ] 
[ Fe/H ] = a2  slopeRGB + b2 
Photometric determination of  [ M / H ] 
Calibrating photometric indices 
                          The RGB-SLOPE  
                              INCREASES  
as the metallicity of the  parent cluster INCREASES 
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       Bulge-like enrichment 
[M/H] = -4.59 + 4.13 (J-K)Mk=-5.5 
[M/H] = -4.74 + 4.55 (J-K)Mk=-5.0 
[M/H] = -5.12 + 5.58 (J-K)Mk=-4 
[M/H] = -5.64 + 6.94 (J-K)Mk=-3 
[M/H] = -2.63 + 22.50 slopeJK 
       Disk-like enrichment 
[M/H] = -4.59 + 4.13 (J-K)Mk=-5.5 
[M/H] = -4.37 + 3.84 (J-K)Mk=-5.0 
[M/H] = -4.87 + 5.20 (J-K)Mk=-4 
[M/H] = -5.36 + 6.48 (J-K)Mk=-3 
[M/H] = -2.53 + 20.83 slopeJK 
By using those relations we 
can construct a tool for 
deriving an estimate of 
the DM, the metallicity and 
the reddening of a SP from its 
IR-CMD 
Observables: 
HB level  
RGB MRL 
In particular  
(1) the level of the HB  
can constrain the DM 
(since the HB level is roughly 
constant  at MK=-1.4) 
(2) the slope will give the 
“first guess” value of the 
metallicity   
(2)  MKRC = -1.4 ± 0.2 
(3)  MKTIP = -6.92 - 0.62 [M/H] 
(1) [M/H]= - 2.53 - 20.83 slopeRGB 
(4) MK(J-K)=0.7 = -1.38 + 2.22 [M/H] 
(5) [M/H] = -4.59 + 4.13 (J-K)Mk=-5.5 
(6) [M/H] = -4.37 + 3.84 (J-K)Mk=-5.0 
(7) [M/H] = -4.87 + 5.20 (J-K)Mk=-4 
(8) [M/H] = -5.36 + 6.48 (J-K)Mk=-3 
The equation set for the disk-like  
         enrichment scenario 
(1) [M/H]= -2.53-20.83 slopeRGB 
(4) MK(J-K)=0.7 = -1.38 +2.22 [M/H] 
(2)  MKRC =-1.4 ± 0.2 
(3)  MKTIP = -6.92-0.62 [M/H] 
(2)  MKRC =-1.4 ± 0.2 
(3)  MKTIP = -6.92-0.62 [M/H] 

(5,6,7,8)   [M/H]= f(J-K) 

(2)  MKRC = -1.4 ± 0.2 
(3)  MKTIP = -6.92 - 0.62 [M/H] 
(1) [M/H]= - 2.53 - 20.83 slopeRGB 
(4) MK(J-K)=0.7 = -1.38 + 2.22 [M/H] 
(5) [M/H] = -4.59 + 4.13 (J-K)Mk=-5.5 
(6) [M/H] = -4.37 + 3.84 (J-K)Mk=-5.0 
(7) [M/H] = -4.87 + 5.20 (J-K)Mk=-4 
(8) [M/H] = -5.36 + 6.48 (J-K)Mk=-3 
The equation set for the disk-like  
         enrichment scenario 
                          Bibliography: 
An empirical tool to derive Metallicity,  Reddening 
and distance modulus  from  IR CMD: 
Ferraro et al 2006, ApJ, 649, 243 
Questi dati possono essere utilizzati anche per la  
calibrazione di uno dei parametri liberi della teoria  
dell’evoluzione stellare (il parametro di mixing length - α).  
Il parametro cioe’ che regola l’estensione della regione 
convettiva che, in stelle di RGB, caratterizza le regioni 
esterne di stelle di piccola massa e dunque determina 
sia il raggio che la temperatura superficiale della struttura 
stellare. 
Questa calibrazione puo’ essere fatta calcolando strutture 
stellari con diversi valori di α e confrontando i valori  
della temperatura superficiale ottenuti da ciascun modello  
con le osservazioni. Si determina cosi’ il valore di α che 
meglio riproduce  i risultati osservativi.  

Naturalmente per fare questo e’ conveniente lavorare nel  
piano osservativo che possa essere convertito con minore 
incertezza nel piano teorico (L,T). 
Nel caso delle giganti il piano osservativo piu’ conveniente 
e’ senz’altro il piano infrarosso. In particolare, l’indice di  
colore V-K puo’ essere utilizzato per: 
(1) ottenere stime della correzione bolometrica (BCk) 
necessaria per convertire le magnitudini K in 
bolometrico e dunque in luminosita’ solari  
(2) determinare la temperatura superficiale della stella 
Empirical relations (for example Montegriffo et al. 1998) can be 
used to transform color into temperature and to derive Bolometric 
Corrections in order to get the Bolometric magnitudes. This 
would allow to transform the RGB-MRL into the Absolute Plane  

The RGB-MRL converted  
into the absolute plane can be 
used to measure the RGB 
temperature (at different 
magnitude levels: Mbol=-1,-2,-3) 
as a function of the metallicity 
These are fully empirical relations which can be used to 
constrain theoretical models 
Theoretical models can be computed with different values of 
the α parameter.  
It would be interesting to see if the value that we need to reproduce 
the temperature of low-mass giants is similar to the value that we 
need to reproduce the solar radius. 
Which is the value of α for the Sun? 
This value also depends on the SOLAR metallicity. 
For the standard solar metallicity (Z/X)0=0.0275 (Anders & Grevesse 
1989), one gets α = 2.17 
However there are now suggestions that Z0 might be significantly 
lower: (Z/X)0=0.0177 (Lodders 2003) 
For this value of  Z0, α0 = 1.86 
If the solar standard metallicity is assumed (AG89), the data are nicely 
reproduced by the models by adopting α=2.17  
                       THE SAME VALUE OF THE  SUN !!! 
If the new solar metallicity is assumed (L03), we need two different 
 values of α to reproduce the Sun (1.86) and the low-mass giants (2.0)  
SUN: α=2.17 
Low-mass 
RGB: α=2.17 
                          Bibliography: 
 An empirical calibration of the mixing-length: 
Ferraro et al 2006, ApJ, 642, 225 
• M ∼ 5 ⋅ 106 Mo   (Meylan et al., 1995) 
• MV = -10.07   (Djorgovski, 1993)  
• c = log (Rt / Rc) = 1.24  (Harris, 1996) 
•σv = 22 Km s-1   (Meylan et al., 1995) 
• d = 5370 pc   (Thompson et al.,2001) 
Multiple Populations	

•  RGB-MP     [Fe/H] ~ -1.6 
• RGB-Mint  -1.3 < [Fe/H] < -1.0 
• RGB-a     [Fe/H] ~ -0.6 
Lee et al., 1999; Pancino et al. 2000 
WFI@MPI 


RGB Structure 
The Optical CMD 
SGB-a ? 
HST CMD 
Ferraro et al., 2004 







This data-set can be used to calibrate other important  
evolutionary features  occurring along the RGB of low-mass 
stars. In particular there are at least two major features, 
both of which are deeply connected with processes 
occurring in the very inner region of the star: 
(1) The RGB- Bump - it flags the magnitude at which the  
H-burning shell reaches the discontinuity into the H profile  
left by the inner penetration of the convection 
(2) The RGB-tip - it flags the highest luminosity reached 
 by a low-mass Giant before  the Helium flash 
inner penetration  
  of convection 



The RGB-bump produces  
a “local” excess in the 
differential LF  
This is because each star 
crosses 3 times the same 
luminosity strip around 
the Bump 

“velocita” evolutiva 
delle giganti lungo 
l’RGB 
 La velocita con  
cui la stella si arrampica  
lungo l’RGB cambia  
in corrispondenza 
del Bump 
The RGB-bump produces  
a change into the slope of 
the integrated LF  
This is because the 
evolutional speed of stars 
is different before and 
after the RGB-Bump 
VHB 
VBUMP 
ΔVHBBUMP 
In order to make the relation V(bump) vs Metallicity 
as close as possible to linear, in the literature some 
authors adopted  the parameter   
                        sinh-1 (Z/0.00025) 
instead of Z.   
This is simply a logarithmic scale of the metallicity, 
normalized to Z=0.00025. 
In fact      
                  sinh-1 (x) = ln (x + sqrt(x2+1)) 
           OLD 
metallicity scale 
           NEW 
metallicity scale 
       GLOBAL 
metallicity scale 


RGB Bumps in Omega Cen 
The RGB Tip feature is set by the Helium-ignition when the 
degenerate He-core reaches 0.5Mo 
The feature is intrinsically!
bright (MI~-4, i.e. ~100 !
times brighter than RR Lyrae). !
It is currently detected up to !
D ~ 10/20 Mpc. !
No need of time series.!
From Barker et al. (2004)!
In any stellar population older than ≈2 Gyr the Tip has 
nearly the same I magnitude independently of metallicity!
The RGB Tip feature is set by the Helium-ignition when the 
degenerate He-core reaches 0.5Mo 
Karachentsev et al. (2006)!
IZw18: Aloisi et al. (2007)!
The TRGB requires an old (>2 Gyr) population:!
the TRGB is found in all kinds of galaxy !
The I,J,H,K magnitude of the TRGB is only 
weakly dependent on age and Y!
The TRGB I-Cousins 
magnitude is also 
weakly dependent 
on metallicity  
(for sub-solar 
metallicities) 
TRGB 
The actual observable is well defined and robust: the cut-off in the 
RGB LF. It  can be measured with <0.05 accuracy in most cases. 
M33: Galleti et al. (2004)!
NGC300!
PROBLEM: We need more than 100 genuine RGB stars within one mag from the TRGB  
                    to get an estimate of the Tip level based on these tools ==>  
                    we must sample more than 106 Lo to make a reliable measure 
   Hence the calibration of the method is not easy   since the “minimim” luminosity 
population is LARGER than the typical Population we find in GGCs (105 Lo) 
In GGCs the adopted 
assumption is that 
the brightest star 
= RGB TIP 
This could be  a reasonable 
approximation…  
However it remains a lower 
limit in low-populated GCs 

Empirical Calibrations:!
Lee, Freedman & Madore 1993 - 
LFM93!
Calibrating Stellar Systems: 
GGCs!
Samples: small samples of RGB 
stars in V-I,I from Da 
Costa & Armandroff 1990 !
ZP: from RR Ly distance scale!
MVRR = 0.17[Fe/H]+0.82!
Range: -2.3<[Fe/H]<-0.7!
MITRGB = 0.141[Fe/H]2+0.411[Fe/H]-3.715 !

  The calibration on ω Cen:!
Detection of the LF cut-off & 
direct distance estimate by 
Thompson et al. (2001) - 
detached eclipsing binary OGLE 
17.!
Thompson et al. (2001) measured 
a distance of 5385 pc for Omega 
Cen:(m-M)o=13.65, !
assuming E(B-V)=0.13 !
MITRGB(ωCen) = -4.05 ± 0.12!
ITRGB(ωCen) = 9.84 ± 0.04!
MITRGB(ωCen) = 9.84 - 13.65 - 1.76x0.13!
∆!
MITRGB = 0.14[Fe/H]2+0.48[Fe/H]-3.66 !

MJTIP = -5.64 -0.32 [M/H] 
MHTIP = -6.66 -0.49 [M/H]  
MKTIP = -6.92 -0.62 [M/H] 
MJTIP = -5.67 -0.31 [Fe/H] 
MHTIP = -6.71 -0.47 [Fe/H]  
MKTIP = -6.98 -0.58 [Fe/H] 
From Valenti et al. (2007)!
Salaris & Cassisi (1997)!
Caloi et al. (1997)!
Girardi et al. (2000)!
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The  problem of the accurate determination of the 
DISTANCE MODULUS for a SP is particularly important 
because of its impact on the age determination….                    
Distance modulus  == primary standard candles 
Variables stars, and Cepheids in particular, are primary 
standard candles. Cepheids are particular important for 
young SPs, with ages between 10 and 100 Myr. 
P-L relation = relation between measured periods and 
absolute mean magnitudes.  
Essentially all the P-L relation for Cepheids have been 
calibrated in the LMC 
                    < V0> = -2.76 Log P +17.042 
                      <I0> = -2.962 Log P +16.558 
                    Udalski et al (1999, Acta Astronomica, 49, 201) 
                            P is expressed in days 
The dispersion of the observed P-L relations can be reduced 
by taking into account the width of the instability strip at 
constant period, introducing a dependence on the color.  
Hence the P-L relation become a P-L-C 
               <I0> = -3.246 Log P +1.409 (V-I) +15.884 
By assuming the distance modulus of the LMC (m-M)0=18.50 
(corresponding to 50 Kpc), absolute relations can be derived 
                         Mv = -2.76  Log P -1.46 
                         MI = -2.962 Log P -1.94 
Remember that, from the theoretical point of view, a 
dependence on the metallicity is also  expected     
               <MV> = -2.94 Log P -1.32    [Fe/H]= -0.7 
               <MV> = -2.75 Log P -1.37    [Fe/H]= -0.3 
               <MV> = -2.20 Log P -1.62    [Fe/H]= 0.0 
Note, for example, that for Cepheids with period =10 days, a 
difference of  more than 0.4 is expected (Mv= 4.26, 4.12, 3.82, 
respectively) when the metallicity changes from -0.7 to 0.0. 
The dependence is sensibly reduced in the IR 
               <MK> = -3.33 Log P -2.61    [Fe/H]= -0.7 
               <MK> = -2.27 Log P -2.61    [Fe/H]= -0.3 
               <MK> = -3.09 Log P -2.67    [Fe/H]= 0.0 
STEP 1 - Derive the Period and the mean magnitude of the  
Cepheid (<V>) 
STEP 2 - Use previous relations to compute the absolute 
magnitude (MV) from the observed Period 
STEP 3 - Derive the distance modulus:   (m-M)V = <V> - MV 
|    Period      | 
<V>=13.80 
STEP 1 - Measure the RGB-TIP in the considered SP 
∆!
STEP 2 - The accuracy of the DM estimate from the RGB-TIP  
depends on the metallicity (iron or global) information  
available for the SP. 
- 4.05 
- 3.66 
∆I =0.4 mag 
STEP 3 - A first rough estimate of the DM can be derived by 
assuming MI=-4.0.  
Then more accurate values can be derived from the 
relation discussed above….    
MITRGB = 0.14[Fe/H]2+0.48[Fe/H]-3.66 !
MJTIP = -5.67 -0.31 [Fe/H] 
MHTIP = -6.71 -0.47 [Fe/H]  
MKTIP = -6.98 -0.58 [Fe/H] 

In order to determine the distance of a SSP by 
using the MS-fitting method, one needs a high-
quality CMD where the MS fiducial line can be  
obtained, and a sample of MS stars of known 
distance (with accurate measured parallaxes) 
which represents the reference sequence. 
Note that for this method accurate measures of 
REDDENING and METALLICITY are REQUIRED. 
Increasing Z, all the  
sequences become 
redder 
Remember the Metallicity effect on the MS   
 Given a SP of known REDDENING and METALLICITY : 
 STEP 1 - We  measure the mean ridge line of the MS  
STEP 2 - We  select a sample of MS stars with METALLICITY compatible 
                with the SP (for example, from the Hipparcos data-base)   
STEP 2.  This sub-sample of stars represents the Reference Sequence  
                for the MS of the considered SP 
STEP 3 - The MS-MRL of the SP is shifted to match the Reference 
Sequence. In particular, FIRST the MS-MRL is shifted along the 
reddening vector, and THEN along the DM vector. 
ATTENTION: shifts are allowed ONLY along the DM/E(B-V) vectors.   
5 - 
MV 
(B-V)0 
DM 
E(B-V) 
DM = 17.00 
       NGC6397     
E(B-V)    0.183±0.005 
[Fe/H]      -2.03±0.04  
       NGC6752 
E(B-V)    0.040±0.005 
[Fe/H]     -1.42 ±0.04 
    47 Tucanae 
E(B-V)    0.024±0.004 
[Fe/H]     -0.66±0.04   
relative ages from Rosenberg et al. (1999)  
    & calibration from Gratton et al. (2003) 
early phases of collapse? 
14 Gyr 
12 Gyr 
 8 Gyr 
10 Gyr 

This method is similar to the MS fitting method.  
The main advantage is that we can neglect the 
metallicity of the SP, since the properties of the 
WD cooling sequences depend only weakly on the 
metallicity. 
The main disadvantage is that the WD cooling 
sequences are quite faint and this method can be used 
for a few nearby stellar systems only. 
 STEP 1 - We  measure the WD cooling sequence in a given SP  
STEP 2 - Also in this case we need a to define the Reference Sequence 
                from a sample of WD with known distances 
10 - 
MV 
(B-V)0 
DM 
E(B-V) 
DM = 13.00 
STEP 3 - The WD-sequence of the SP is shifted to match the  Reference 
Sequence. In particular, FIRST the WD are shifted along the reddening 
vector, and THEN along the DM vector 
ATTENTION shifts are allowed ONLY along the DM/E(B-V) vectors.   
The first application to a GCs:  
           Renzini et al. 1996 (ApJ, 465,L23) 

MV(ZAHB)=0.17 [M/H]+0.78 
(Salaris et al. 1998, ApJ 388,492) 
MV(ZAHB)=0.23 [M/H]+0.94 
(Straniero et al. 1997, ApJ 490,425) 
ATTENTION: the theoretical values refer to the  
                                ZAHB level !!! 
ZAHB    and    <VHB> 
The ZAHB level does NOT correspond 
to the mean level of HB stars. 
Hence we CANNOT compare 
DIRECTLY  <V>  to VZAHB   
VZAHB 
<V> δV = <V> - VZAHB 
This is one of the major source of error in determining the distance of 
GC (and SP in general) by using the HB level. In the literature many 
papers confuse ZAHB and observed HB level, and derive distances 
which are systematically wrong.  
Note that this is the main reason why the Harris (1996) catalog  
lists distances to GCs which are systematically short (of 0.2 mag)   
VZAHB 
<V> 
δV = <V> - VZAHB 
δV is of the order  
of 0.1-0.15 mag 
and it depends on  
the HB morphology 
ZAHB   and    <VHB> 


The future: GAIA, the calibrating machine!
GAIA will provide very accurate direct distances for several GCs, !
including ωCen, + the finest calibration of many other standard 
candles that would allow the construction of a very accurate model 
for MλTRGB, pushing the uncertainties out of the calibration.!
GAIA will remove!
uncertainties from!
the calibration!
The uncertainties!
on age, He 
content, etc. of!
distant galaxies!
we want to study 
will “always” be 
there!

HB MORPHOLOGY: WHY IS IT IMPORTANT? 
Understanding the origin and the frequency of hot HB stars  
[the so-called “Extreme HB stars” (EHB)] is not simply a 
problem of understanding the evolution of old, low mass stars.  
It has important implications on the interpretation of the 
integrated spectra of galaxies.  
O’Connell (1999) 
EHB stars have been  
suggested as the  
responsible of the  
UV upturn 
in the spectrum of  
elliptical galaxies and  
bulges (Greggio and  
Renzini 1990). 
UV upturn 

HB MORPHOLOGY 
0.51Mo                                0.7 Mo 
      |                                                               | 
0.8 Mo 
In old stellar systems all the stars  
along the ZAHB are in the CORE 
He-BURNING phase, AFTER  
the He-FLASH. 
Hence they have almost the same 
He-core mass (0.5 Mo), but different  
envelope mass. 
Note that: 
(1) this is the reason for their different temperatures:  
smaller envelope   ==  higher surface temperature 
(2) This will critically affect their subsequent evolution, since a small H envelope  
would not allow the H-shell to burn during the AGB (the double shell phase).  
Hence EHB will NOT experience the AGB phase  (AGB manque’)  
HB-MORPHOLOGY PARAMETERS 
0.51Mo                                0.7 Mo 
      |                                                                   | 
0.8 Mo 
B - Number of HB 
stars BLUER than the 
instability strip 
V - Number of HB 
stars WITHIN  the  
instability strip 
R - Number of HB 
stars REDDER than 
the  instability strip 
B          V   R 
HB-MORPHOLOGY PARAMETERS 
HB type= (B - R)/(B+V+R)   
B      V  R 
HB Type = -1 
HB Type = 1 

Stars with higher Y content reach the RGB tip with a mass 
SMALLER than in the case of standard Y. Hence they will be 
located on the ZAHB at higher temperature 

However the mono-parametric classification of the HB morph ONLY  
in terms of metallicity DOESN’T WORK since a number of 
clusters with similar overall metallicity  have been found 
to present  DIFFERENT HB morphologies…  
We need an additional parameter (the so-called “second parameter 
problem”) 








0.51Mo                            0.7 Mo 
      |                                                              | MASS LOSS in RGB 
Mass Loss and SP integrated Colors 
0.8 Mo 
Impact on: 
HB morphology 
UV excess of Ellipticals 
Stellar evol. models 
MASS LOSS in RGB 
Mass Loss and SP integrated Colors 
Impact on: 
HB morphology 
UV excess of Ellipt. 
Stellar evol. models 
0.51Mo                            0.7 Mo 
      |                                                              | 
0.8 Mo 



 The first-empirical ML relation for Pop II  giants 
 Properties of the  mass-loss process (dependence on  
 metallicity, episodic?)  
Dust-excess stars 
Origlia et al. (2010) 

   integrated observations 
       OAO-2, ANS, IUE 
CS INAF  - Roma 21.04.2006 
Globular clusters images in UV are 
not dominated by the red giant light, 
and therefore are significantly less 
crowded. 
HST 
Bologna-Dipartimento di 
Astronomia 
[Fe/H]=-0.76 
NBSS=60 
NHB=314 
[Fe/H]=-0.60 
NBSS=117 
NHB=1082 





The majority of the radiation from stellar systems comes from the  
stellar photospheric radiation. Indeed, the emissive properties of the 
galaxies change because stars change their emissive properties 
due to their evolution. 
Final goal :  
 study of the evolution as a function of time of the SED (Spectral 
Energy Distribution) of a stellar system 
                                              SED = f (t)   
The function f must take into account the temporal variation of  
(1)  the stellar content  
(2)  the emissive properties of the stars   
 fSC = fpass   f enr   
The function  fSC can be represented as  the convolution of two terms: 
    (1)  fpass  takes into account the passive evolution of the stars. 
           This term is the STELLAR EVOLUTION MODEL 
    (2) fenr takes into account the SP enrichment processes.  
                It depends on the Star Formation history of the SP and 
                exotic additional phenomena as merging, stellar cannibalism… 
            To simplify the problem, it is useful to introduce the concept of  
                                Simple Stellar Population (SSP) 
Lets indicate with fSC the Population Stellar Content  
Simple Stellar Populations… 
A “Simple Stellar Population” (SSP) is an  
assembly of stars  ….  
1) with the same age 
      ONLY ONE FORMATION BURST  
2) with the same initial chemical composition 
3) single (not located in binary systems)   
… and  described with 4 parameters: 
      age,  metallicity (Y,Z),  IMF  
Simple Stellar Populations… 
 We can define a SSP as a “special case” of SP  
SSP = lim  SP 
fenr       1 
 SED = fpass (t) 
fpass is determined only by the stellar evolution  
Only one burst of star formation 
 fSC = fpass   f enr   Hence in this case fSC is entirely described  by fpass 
Simple Stellar Populations… 
Stellar clusters are the best example of SSP,  
because they include stars born from the same  
molecular cloud and in one single star formation burst 
CMD of the Galactic Globular  
               Cluster NGC5466  
♦  Only one TO point: only one  
   age  for the population 
♦  Narrow RGB: only one metallicity 
Complex Stellar Populations… 
Galaxies are not SSPs, since they  
include  stellar populations with  
different ages and chemical 
compositions 
♦  Different Turn-Off: stellar populations  
    with different ages 
♦  Different RGB: stellar populations 
    with different metallicities 
     Turn - Off 
magnitude level 
MAIN SEQUENCE 
 (unevolved stars) 
POST MAIN SEQUENCE 
        (evolved stars) 
For a given SP we can separate evolved and unevolved stars 
As we have already seen, it is possible to estimate the time 
that a generic star spends from the end of the MS to the 
completion of its thermonuclear evolution: 
ttot (Min) = tMS (Min) + tPMS (Min)  
t PMS (Min) = 1.66 x 109 Min
-2.72 (years)  ( Renzini 1981) 
Obviously …. 
Moreover, we can indicate as MD (D = dying stars) the 
initial mass of stars at the end of their evolution.   
MD = MTO (t - tPMS)  
All the stars with Min < MTO    are still in the MS phase 
                                                  (central H-burning)  
All the stars with Min > MTO  are evolved outside the MS: 
                                                they are in post-MS   
                                                phases (SGB, RGB…) 
                                                or already died. 
M in < MTO         is  in MS 
MTO < Min < MD is  in any  PMS 
Min > MD            is dead ( WD, NS, BH )  

The range in mass of PMS evolving stars is small: a good 
approximation is to use a constant value of the PMS evolving mass 
equal to M(TO) 
Evolutionary flux 
b(t) = Ψ(MTO) x | MTO |  
. 
(stars per year) 
Ψ(MTO)    is  the IMF of the SP     [ N*  /  ΔMTO ] 
  d MTO/dt                       [  ΔMTO /   ΔT] 
   hence  the dimension of b(t) are: 
         [ N*  /  ΔMTO  x  ΔMTO /   ΔT] =     [ N* / ΔT] 
Because of this, we can reasonably assume Min ~MTO  and define an  
Evolutionary Flux of the population  
Initial Mass Function … 
S = 2.35    
Salpeter IMF 
Evolutionary flux 
b(t) = Ψ(MTO) x | MTO |  
. 
(stars per year) 
The evolutionary flux quantifies the rate at which the stars leave the  
MS, but also the rate at which the stars enter and leave any PMS  
evolutionary stage.   
Since the difference between MTO and MD is small, we can  
consider  b(t) ~ constant for the PMS stages … 
 b(t) quantifies also the death rate (i.e. mortality rate) of the SSP 
                                          b(t) ~ b(t - t PMS) 
Integrated Luminosity of  a SP  
The total integrated bolometric luminosity of a stellar system 
(both SSP and SP) is the sum of all luminosities of the stars 
in the population  
LTOT  = ∑i L i = L MS + L PMS 
We can separate the contribution of the MS and PMS stars  
Luminosity of  unevolved stars  
(1)  MS stars luminosity:   L MS = ∑i L i  = ∫L(M)  ψ(M) dM     MS 
Minf 
MTO 
This integral is computed between 
two boundary masses that limited 
the MS: 
Minf  is the lower mass cutoff  
       of the MS ( ~0.1 Mo) and 
 MTO is the Turn-Off mass. 
L(M) is the Luminosity-Mass  
relation for MS stars.  
ψ(M) is the IMF. 
  L MS = ∑i L i  =  ∑ k Ma  ψ(M) dM     
Minf 
MTO 
In order to estimate the mass-luminosity relation L(M) we can adopt  
a relation computed for stars along the ZAMS  
                                              LZAMS(M) = k · Ma  
where k and a are constant defined as a function of the chemical  
composition. 
Warning: this relation is just a first approximation, because it ignores  
the MS evolutionary effects  (which are large at  M  MTO  ) . 
A more precise approach is to multiply LZAMS(M)  by a term including the  
evolutionary effects  
                     LZAMS(M) = (1 + c  ·  (M / MTO)γ ) · k · Ma  
γ = 5.5 c = ( LTO / LZAMS )M=Mto - 1 
Luminosity of  unevolved stars  
The mass -luminosity 
 relation 
Empirical data for  Solar Chemical Composition stars  provide  
different slopes for the M-L relation according with the mass range: 
(1)  L ~ M3-6   for masses between ~2 and 20 MSUN 
(3)  L ~ M4-5   for masses between ~0.5 and 2 MSUN 
(5)  L ~ M2-6   for masses between ~0.2 and 0.5 MSUN 
Luminosity of  evolved stars (PMS)  
PMS stars luminosity:    L PMS = ∑j  nj x Lj  
(2)  PMS stars luminosity:    L PMS = ∑j  nj x Lj  
For each Post-MS evolutionary phase j, we compute the product  
of the number of stars that populate the sequence (nj) and the  
total luminosity of this latter (Lj). 
How can we evaluate the number of stars in each phase ???   
A simple relation ….                   nj = b(t) x tj   
The number  of stars in any evolutionary  
phase is  proportional to the time spent 
in that phase by a star of mass equal to MTO  
Luminosity of  evolved stars (PMS)  
Fuel Consumption Theorem  
L PMS = b(t)  ∑j ( Lj  tj  ) 
This terms corresponds to the  
total energy (Ej) radiated from  
the star during  the evolutionary 
stage j . 
Ej   =   Lj tj               Fj FUEL 
The TOTAL ENERGY radiated during the evolutionary stage j 
is entirely determined  by the total nuclear FUEL burned during 
that stage  
Fuel Consumption Theorem  
Let’s compute Ej : 
First of all, let’s compute the energy produced as a function of 
the fuel mass “m”  
ε = 0.007 m c2 ~ 7 x 10-3 x 9 x 1020 m ~ 6 x 1018 m 
                             ε=6 x 1018 m   [erg] 
The energy produced by the burning of 1 g of H is in fact  
                                   6 x  1018 erg  
 Hence:  
          Ej    =    Lj tj   =   6 x 1018 Fj     [erg] 
Fuel  
Fj = mjH + 0.1 mjHe    
mjH and mjHe are the mass of H and He  
burned during the evolutionary phase j 
The coefficient 0.1 comes from the fact that  the energy 
released by the burning  of 1 g of He (into C-O) is about one 
tenth of that released by the conversion of 1 g of H into He. 
The fuel consumption Fj  is a function of the initial stellar mass and 
composition and is a natural product of stellar evolutionary  
calculations. 
Fuel Consumption Theorem  
Hence we can write:  
L PMS = b(t)  ∑j ( Lj  tj  ) 
         = b(t)  ∑j  Ej  
         = b(t) ∑j  6 1018 Fj 
             = 6 1018 b(t) ∑j (mjH +0.1 mjHe) 
By expressing LPMS in Lo and the FUEL mass in Mo 
we get 
              L PMS =9.75 1010 b(t) ∑j (mjH +0.1 mjHe) 
Hence we can write:   LTOT  = LMS + LPMS  
                     L MS =    ∑j  k Ma Ψ(MTO)  
                    L PMS =9.75  1010   b(t)   ∑j  Fj 
IMF 
Fj 
           Then,   LTOT  = LMS + LPMS = 
     = ∑j  k Ma Ψ(MTO)  + 9.75  1010   b(t)   ∑j  Fj 
                                                                                                                               . 
Since we have defined b(t) as  :   b(t) = Ψ(MTO) x | MTO | 
                                                                                              . 
= ∑j  k Ma Ψ(MTO)  + 9.75  1010   Ψ(MTO)  | MTO | ∑j  Fj  
B(t) = b(t) / LTOT (t) 
B(t) =  
Ψ (MTO) | MTO |  
k’ Ψ (MTO) MTO a + 9.75 x 1010 Ψ (MTO) | MTO |∑j Fj (MTO)    
= 
=  
| MTO | 
. 
. 
k’ MTO a + 9.75 x 1010  | MTO |∑j Fj (MTO)    
B(t) is virtually independent of the adopted IMF and of the age: 
B(t) ~ 5 x 10-10    at  t = 107 yrs 
B(t) ~ 2 x 10-11     at t = 1010 yrs 
We can also define the SPECIFIC EVOLUTIONARY FLUX [B(t)], which is  
the evolutionary flux (b(t)) normalized to the total luminosity. 
Hence the Specific Evolutionary Flux represents the flux of stars that 
cross the TO per year and per luminosity 

The Fuel Consumption Theorem  
     L j   =  9.75 x 1010 x b(t) x Fj 
         sostituendo  b(t) = B(t) x LTOT   
   L j = 9.75 x 1010 x B(t) x LTOT x Fj 
  L j / L TOT  = 9.75 x 1010 x B(t) x Fj 
       This is the so-called  
 Fuel Consumption Theorem …. 
The Fuel Consumption Theorem  
  L j / L TOT  = 9.75 x 1010 x B(t) x Fj 
The contribution to the SSP integrated bolometric luminosity 
provided by the stars in a given Post-MS stage  
is proportional to the amount of fuel burned during that stage 
       This is the so-called  
 Fuel Consumption Theorem …. 
DEGENERATE He-CORE 
      “HE  FLASH”      SNII  DEGENERATE  
     CO-CORE         
    MASSIVE   INTERMEDIATE        LOW  
Effect of the convective OVERSHOOTING 
Effect of the MASS LOSS in AGB 
These different REGIMES of stellar evolution  
correspond to significant variation in the SP stellar 
content: the so-called PHASE TRANSITION 
    MASSIVE   INTERMEDIATE        LOW  
The Fuel Consumption Theorem allows to compute  
the contribution of the various evolutionary  
phases to the integrated bolometric 
 luminosity of a SSP as a function of the age  
Hence we can quantify the effect of the different regimes 
of stellar mass evolution on the SSP Evolution History 
Renzini & Buzzoni (1986)   
RGB AGB MS 
AGB Phase Transition (~ 200-300 Myr) 
First appearance of AGB stars with a degenerate CO core 
RGB Phase Transition (~1 Gyr) 
First appearance of RGB stars with a degenerate He core 
Consequences of the Ph-Ts 
From an integrated point of view… 
After the Ph-Ts, the SED is dominated 
by the red giants … change in the  
integrated colors of the SSP 
From a resolved point of view… 
After the Ph-Ts, the evolutionary  
sequences like the AGB and RGB  
become well populated and luminous 
Maraston (1998) 
More  recent models (for example Maraston 1998) show transitions  
which are sensibly less sharp than those predicted by  
Renzini & Buzzoni models 
in this age regime the light of the SSP  (Ltotbol) is dominated  
by MS stars. This  evolutionary stage provides  ~ 60 - 70 % of the   total 
light at ~ 50 -100 Myr  and its contribution decreases with the age ( ~ 40 
% at ~ 300 Myr). 
Young populations (age < 300 Myr) : 
First appearance of AGB stars with a degenerate C-O core: in a very rapid 
time-scale ( ~ 200 Myr) the AGB contribution to the total light changes  
from ~ 10 % to ~ 40 % . 
 The AGB Phase Transition : 
in this age regime the light of the SSP is dominated by AGB stars   
that provide ~ 40 % of the light, with the MS contribution of about 30%. 
Intermediate-age populations (300 Myr-2 Gyr): 
First appearance of RGB stars with a degenerate He core: in a  rapid  
time-scale ( ~ 300 Myr) the RGB  contribution to the total light changes  
from ~ 0 % to ~ 40 % . 
 The RGB Phase Transition : 
in this age regime the light of the SSP is dominated by RGB stars  
that provide ~ 30 - 40 % of the total light. 
 OLD POPULATIONS (age>2 Gyr) : 
Maraston(1998) 
U and B bands 
always dominated by the  
MS stars 
V band 
dominated by MS stars but  
RGB stars represent the second 
contribution after ~1 Gyr 
K band 
•   < 200 Myr  
    He-burning stars 
•    200 Myr - 3 Gyr  
    Thermal Pulse AGB stars 
•    > 3 Gyr 
    RGB stars     
MONOCROMATIC 
Integrated colors 
To study distant unresolved SP it is useful to measure broad-band 
magnitudes and colors.   
The fading in B, V and I is approximately linear with log(t), while for the 
K band a sudden brightening of the SSP luminosity occurs at t ~ 200 
Myr, due to the onset of the AGB Ph-T. 
The general fading of the integrated 
B, V and I mag arises mainly from 
the decrease of the MS extension 
with increasing age. 
The case of the K magnitude is 
complicated by the interplay 
between AGB and RGB,  that 
produces the most relevant 
contribution to the integrated 
magnitude for ages above 108 yrs. 
The SED is dominated by the UV  
peak (at < 2000 A) due to the very  
bright, blue MS stars.  
A second peak is visible at  
~ 4000 A (Balmer jump).  
Main spectral features : 
♦  Lyman α line  (UV range) 
♦  Balmer lines (optical range) 
YOUNG POP: 
Before the PhTs (0.1 Gyr) …. 
Observed evolutionary sequences: 
♦  Main Sequence 
♦  Hertzsprung Gap 
♦  Blue Loop 
The SED is dominated by the 
optical peak at ~ 4000 A, while the 
UV peak represents a secondary 
contribution. 
The major contribution derives 
from the AGB (Carbon) stars. 
Main spectral features : 
♦  Molecular bands (TiO, VO …) 
After the AGB PhT (0.6 Gyr) …. 
Observed evolutionary sequences: 
♦  Main Sequence 
♦  Blue Loop 
♦  AGB 
The SED is peaked at ~ 4000 A  
and the UV peak  is negligible.  
The SED is dominated by the RGB  
stars  
After the RGB Ph - T (3 Gyr) …. 
Observed evolutionary sequences: 
♦  Main Sequence 
♦  Sub-Giant Branch 
♦  He Clump 
♦  A bright, fully developed and well  
    populated RGB  
Constructing a SED…. 
Constructing a SED…. 
Constructing a SED…. 
Constructing a SED…. 
The SED of a SSP as a function of age 
304 
EVOLUTIMET
ER   
IMF 
X,Y,Z 
+STM  
INPUT 
SED  
OUTPUT 
305 
EVOLUTIMET
ER   
IMF 
X,Y,Z 
+STM  
INPUT 
SED  
OUTPUT 
Due to the huge impact in predicting the integrated properties 
of complex SP,  stellar evolution models need to be accurately  
checked. To do this, stellar clusters with different properties (ages,  
metallicity, etc) are ideal bench tests, since they are the best  
approximation in nature of a SSP. 
     GALACTIC GLOBULAR CLUSTERS 
OLD - most of them formed at the epoch of 
the Galaxy formation 
DIFFERENT METALLICITY- from solar, to 1/100 
solar 
POPULOUS - harbor many stars, up to 
several millions 
            CLUSTERS IN THE MCs 
DIFFERENT AGES -  from a few Myr, up to 12 
Gyrs  
DIFFERENT METALLICITY- from 1, to 1/100 
solar 
POPULOUS -  generally less populated than 
the Galactic ones 
Narrow age distribution: 
   (1) Old population:  ~13 Gyr (Halo+Bulge) 
   (2) Typical TO mass:  ~0.7 - 0.8 MSUN 
 Wide metallicity distribution: 
         [ Fe / H ] ~ - 2.5 / 0.5 dex 
 (1) Halo clusters: from metal-poor to metal-rich 
  (2) Bulge clusters: super metal-rich 
     Wide age distribution: 
      (1) Very Young Population: < 50 Myr  
        (2) Young Population: 50 Myr - 500 Myr 
        (3) Intermediate Population:  
                                                500 Myr - 4 Gyr 
        (4) “Age Gap“ ( 4 - 10 Gyr)   
              [ absent in the SMC ] 
        (5) Old population: ~ 12-13 Gyr     
Wide metallicity distribution: 
         [ Fe / H ] ~ - 2.2  / 0.0 dex 
     (1) Old clusters: metal-poor 
       (2) Young-intermediate clusters: 
           metal-rich 
•  FIRST OBJECTS FORMED 
IN OUR GALAXY: THEY ARE 
WITNESSES OF THE EARLY 
GALACTIC EVOLUTION 
•  ALLOW THE STUDY OF 
 LOW MASS STAR EVOLUTION 
•  TRACERS OF THE HISTORY 
OF A MASSIVE SPIRAL 
GALAXY 
•  STUDY OF OLD GLOBULAR 
CLUSTERS WITH DIFFERENT 
INITIAL CONDITIONS 
•  ALLOW THE STUDY OF 
THE EVOLUTION OF  
LOW , INTERMEDIATE  and  
HIGH MASS STARS 
•  TRACERS OF THE HISTORY 
OF IRREGULAR GALAXIES 
LMC and SMC  (optical band)  
LMC 
Prototype of Magellanic Spiral 
(m-M)0= 18.5  (~ 50 kpc) 
SMC 
Prototype of Magellanic Irregular 
(m-M)0= 18.9  (~ 60 kpc) 
Hubble sequence 
Color-Magnitude Diagram for 20 
LMC clusters sorted by age. 
The dashed line at V=19 indicates 
the magnitude level of the HB,  
in order to make visible the  
evolutionary effect. 
Brocato et al. (2001) 
From ~10 Myr, to ~13 Gyr  
LMC and SMC clusters allow 
to study the properties of the  
Red sequences in a wide range  
of ages. 
These clusters are an ideal 
laboratory to test the theoretical 
predictions for SSP  
Elson & Fall (1988) 
A method to date the MC clusters: s-parameter 
•  a dereddened color-color diagram  
  (U-B) vs (B-V) 
•  the MC clusters (LMC+SMC) describe a  
  sequence in this diagram 
•  the sequence is divided in 52 intervals 
  (the s-parameter) 
•  log(age) correlates linearly with the 
  s-parameter 
IR CMD of LMC/SMC clusters: AGB population 
AGB 
RGB-Tip 
A detailed census of AGB and  
C-stars in the young-intermediate 
clusters 
Mucciarelli, Origlia, Ferraro, Maraston, Testa, 2006, 
ApJ, 646, 939 
LMC 
SMC 
C-stars: AGB stars with an  
enhancement of Carbon surface  
abundance due to the 
Third Dredge-Up episode 
(penetration of the convection 
in the inner stellar regions) 
✬   < 300 Myr  LkAGB  < 0.5 LkTOT  
✬   ~ 700 Myr  LkAGB  ~  0.8 LkTOT  
✬  > 1 Gyr rapid decrease 
 LMC  
 SMC 
The values of LKAGB/LKTOT  for each cluster are  
grouped in age bins in order to limit the effects 
of stochastic fluctuations due to small numbers  
For example, we can use the infrared  
plane (K vs J-K) in order to empirically 
quantify the contribution of the AGB 
and RGB sequences to the total 
integrated light of the population as a  
function of the age. 
The AGB contribution 
 LMC  
 SMC 
Contribution of the C-stars Contribution of the AGB 
     (C-stars + O-stars) 
IR CMD of LMC/SMC clusters 
RGB-Tip 
He-CLUMP 
500 - 900 Myr: rapid increase of the  
population ratios (by a factor ~3 in number  
and ~4 in luminosity) 
> 900 Myr: a progressive flattening 
The overshooting models are 
not able to well reproduce the 
age of the RGB Ph-T 
Red line: Overshooting model  
Blue line: Canonical model 
Solid line: canonical model with [M/H]= - 0.33  (ZLMC ~ 0.008) 
Dashed line: canonical model with [M/H]= - 1.35 (ZSMC ~ 0.004) 
 LMC  
 SMC 
Evolutionary flux 
b(t) = Ψ(MTO) x | MTO |  
. 
(stars per year) 
The evolutionary flux quantifies the rate at which the stars leave the  
MS, but also the rate at which the stars enter and leave any PMS  
evolutionary stage.  
Hence the number of stars in each evolutionary phase can be  
defined as follows   
                                         nj = b(t) x tj   
nj = b(t) x tj nj = B(t) x Ltot x tj 
This relation provides the number of stars  
in each evolutionary PMS stage as a function  
of the total luminosity (LTOT) of the SSP and 
of the duration (tj) of the stage  
nj = B(t) x Ltot x tj 
Observable obtained by the 
photometry (CMD)  
This quantity is related  
to the burning process 
This relation can be generalized as a function of the 
SAMPLED LUMINOSITY 


THIS  REPRESENTS A DIRECT CHECK OF THE PHASE 
DURATION PREDICTED BY THEORETICAL MODELS 
Selecting populations along the CMD  


ENRICHMENT SCENARIOS: 
THE [ α / Fe ] - [ Fe / H ] DIAGRAM  
Kinematic selection  
Blue: Halo   Green: Thick Disk   Red: Thin Disk  
Halo:  metal-poor ( [Fe/H] < - 1 dex)  
           α-enhanced ( [α/Fe] ~ + 0.4 dex) 
Thick Disk: metal-intermediate ( [Fe/H] ~ - 1.5 / - 0.5 dex) 
                    the [α/Fe] ratio decreases at [ Fe/H] ~ - 1 dex 
Thin Disk: metal-rich ([Fe/H] > - 0.5 dex) 
                  α solar-scaled ( [α/Fe] ~ + 0.0 dex) 
What is the reason for the [α/Fe]  
decrease at [Fe/H] > - 1 dex ???  
The level of the plateau is driven by the IMF 
The position of the knee is driven by the SFR 
What produces what ? 
α-elements (O, Mg, Ca, Si, Ti) are produced mainly 
in high-mass stars (M > 8-10 MSUN) and are ejected by SN II. 
SNII enrich the interstellar medium essentially of  α-elements. 
Thus the level of α-elements depends on the number of massive  
stars in the population (IMF).    [Fe/H] remains unchanged  
What produces what ? 
α-elements (O, Mg, Ca, Si, Ti) are produced mainly 
in high-mass stars (M > 8-10 MSUN) and are ejected by SN II. 
Fe (and iron-peak elements) are produced mainly  
in SN Ia (but also in SN II).  
SNIa enrich the interstellar medium essentially of Iron. Thus the 
level of [α/Fe] decreases and [Fe/H] increases.  The efficiency   
depends on the SFR.   
What produces what ? 
α-elements (O, Mg, Ca, Si, Ti) are produced mainly 
in high-mass stars (M > 8-10 MSUN) and are ejected by SN II. 
Fe (and iron-peak elements) are produced mainly  
in SN Ia (but also in SN II).  
Timescales:  
SN II:  the timescale of the normal evolution of stars 
            more massive than 8-10 MSUN (less than ~ 30 Myr) 
SN Ia:  in the single degenerate model the minimum time  
            for the appearance of the first SN Ia is ~ 30-35 Myr 
            ….but it can be significantly longer. 
Stellar populations in different environments  
can show different position of the knee in the 
[α/Fe]-[Fe/H] 
The position of the knee in [Fe/H] flags the  
condition of the environment (the interstellar 
medium) at the epoch of the first SNIa explosion. 
Galactic Bulge Dwarf Spheroidals 
The stars of the Galactic Bulge  
are coeval to the Halo ones 
(old population), but more metal 
rich, with [ Fe/H] > - 0.5 dex 
The decrease of [α/Fe] occurs  
at [Fe/H] ~ 0.0 dex, because  
the Bulge has experienced  
a very fast chemical enrichment 
(high SFR). 
Galactic Bulge 
The Dwarf Spheroidals include 
metal-poor stars, but with a 
lower [α/Fe] ratio with respect  
to the Galactic stars. 
In such galaxies the SFR is  
lower than in our Galaxy and 
the position of the knee is 
shifted toward lower 
metallicities ( [Fe/H] < -2 dex)  
Dwarf Spheroidals 
NOTE that the position of the knee CANNOT 
BE USED as a CLOCK    
It only flags the environment condition at the 
epoch of the first SNIa explosition!!!  
NOTE that the environment enrichment  
in term of [Fe/H] 
 BEFORE the knee 
HAS BEEN PRODUCED by ONLY SNII !!!  
SNII 
SNIa 
BULGE-LIKE 

Cumulative behaviour of [Na/Fe] as a function 
of [O/Fe] for 19 GGCs (Carretta et al. 2009) 
BUT Stars are quite homogeneous in the 
IRON content 
GGCs  ==  ALMOST SSP 
Ferraro et al., 2004 ApJ, 603, L81 
…with only TWO exceptions: Omega Centauri in the Halo 
Ferraro et al (2009, Nature, 462, 483 ) 
…and Terzan 5 in the Bulge 
Cumulative behaviour of [Na/Fe] as a function of [O/Fe] for 19 
Galactic Globular Clusters         (Carretta et al. 2009) 
Ossigeno  DIMINUISCE 
Sodio AUMENTA 
Cumulative behaviour of [Na/Fe] as a function 
of [O/Fe] for 19 GGCs (Carretta et al. 2009) 
The so-called Na-O ANTICORRELATION: 
The Na abundance INCREASES as the 
O abundance DECREASES 
The same is observed for Mg and Al 
GGC stars are NOT homogeneous in light elements 
Both anticorrelations  indicate the presence of  proton capture processes, 
which transform  O  in Ne and then  into Na, and Mg into Al. 
These processes are  possible only at temperatures of a 40-70 million 
degrees, in the complete CNO cycle not reached in present day globular 
cluster main  sequence and red giant  stars. 
    SIGNATURE THAT GGC STARS FORMED FROM ENRICHED GAS   
349 
Note 
As the classical CNO-cycle 
leaves a clear signature in the  processed gas 
C depletion – N increase (C-N anticorrelation), 
thus the subsequent cycles (occurring at higher temperatures)  
set O-Na and Mg-Al anticorrelations   
T= 4 107 K T= 7 107 K 
Ejecta (10-20 km/s) from intermediate mass  AGB stars (4-6 
solar masses)  could produce the observed abundance 
spread (D’Antona et al (2002, A&A, 395, 69). These ejecta 
must also be He, Na, CN, Mg) rich, and could explain the 
NaO and MgAl anticorrelations, the CNO anomalies, and the 
He enhancement. 
Globular cluster stars with He enhancement could  help 
explaining the   anomalous multiple MSs, and  the extended  
horizontal branches.  
Proposed scenario (1) 
Alternative explanation (2) 
Pollution from fast rotating  
massive stars  (Decressin et al. 
2007,  A&A, 475, 859). 
The material ejected in the disk has 
two important properties: 
1)  It is rich in CNO cycle products, 
transported to the surface by the 
rotational mixing, and therefore it 
can explain the abundance 
anomalies; 
2)  It is released into the circumstellar 
environment with a very low 
velocity, and therefore it can be 
easily retained by the shallow 
potential well of the globular 
clusters. 
Omega Centauri in the Halo and Terzan 5 in the Bulge are completely different 
beasts with respect to genuine GCs: they have a completely different origin 
Omega Cen is probably the remnant of  
the nucleous of a dwarf galaxy captured  
by the MW 
Terzan5 has instead a quite  
different  history 

E(B-V)=2.3;  d = 6Kpc;  dGC=2.1 kpc (Valenti et al 2007) i.e. in the outskirts of 
the inner Bulge  
Suspected to have the largest collision rate of the entire GC system (Verbunt 
& Hut 1987, Lanzoni et al 2010) 
NICMOS@HST: First insight into 
the stellar population of Terzan 5 
Ortolani et al (2001,A&A,376,878) 
Cohn et al (2002, ApJ, 571, 818) 
NIC2@HST- FoV:19’’X19” 
Valenti et al (2007, AJ, 133, 1287) 
The deepest optical CMD of Terzan5 from ACS@HST  
Main Problem: 
Differential  
reddening 
Ferraro et al (2009, Nature, 462, 483 ) 
0.0 0.6 
δE(B-V) 
The differential reddening map in the direction of Terzan5 
Cardelli (1989)& 
Schegel et al (1998) 
Extinction law at the λeff 
of the filters has been 
used : 
  Av = 2.82/E(B-V) 
  AI = 1.75/E(B-V) 
N 
E Massari et al (2012,in prep) 
MAD = Multi-conjugate Adaptive Optics Demonstrator 
MAD operates in the near-IR 
By using up to three Reference 
stars MAD is able to perform good 
 and uniform AO correction over  
a large FoV (1` x 1`) 
MAD was temporally installed on 
VLT in summer 2008 
 9 hours of observations were granted to our proposal: 
 Hunting for optical companions to binary MSP in Terzan 5 
Observations were executed in August 2008. 
MAD – VLT  J,K 
ACS - WFC   V,I 
FoV:200”x200” 
MAD:   An incredibly sharp image in the K band !! 
FWHM=100mas 
  By using  
 only 2 AOGS !!!! 
Thanks to the MAD team. 
In particular to Paola Amico 
 
Note the difference between the best K and J image 
SOFI NICMOS MAD 
10 x 10 arcmin 
MAD   vs   NICMOS (16 x 16 arcmin) 
THE MAD CMD OF TERZAN 5 
TWO HBs !!! 
Ferraro et al (2009, Nature, 462, 483 ) 
Cohn et al (2002, ApJ, 571, 818) 
Figure 3 
a 
b 
THE   BRIGHT-HB   POPULATION  IS   MORE  
    CENTRALLY  SEGREGATED THAN THE   
                           FAINT-HB ONE 
HB-BRIGHT HB-FAINT 
Lanzoni et al. (2010) 
WHICH   IS   THE   ORIGIN   OF   THE  TWO   HBs? 
The most NATURAL  (& EXCITING) possibility is that 
the TERZAN 5   harbours  two distinct 
Populations.The two HBs would be the signature of a 
complex star formation history  
  AGE  &   METALLICITY ..     
     The simplest solution.. 
  AGE effect 
A younger population has a brighter HB 
but for a given metallicity a bluer color    
  METALLICITY effect 
The brightest populations should be 
super- solar 
On July 2009 we observed 6 HB stars (3 in the 
BHB and 3 in the FHB)  with NIRSPEC at Keck II 
The two populations belong to the 
same stellar system   
 Vrad = -85 Km/s ( σ=9  Km/s) 
 Vrad = -85 Km/s ( σ=10  Km/s) 
On July 2009 we observed 6 HB stars (3 in the 
BHB and 3 in the FHB)  with NIRSPEC at Keck II 
The two populations have different 
Iron abundance !!! 
[α/Fe]=+0.3  at 
[Fe/H]=-0.2 
[α/Fe]=0.0  at 
[Fe/H]=+0.3 
Z=0.01     t=12 Gyr 
Z=0.03     t=6 Gyr 
By adopting the  
measured abundances, 
the two HB clumps can be 
reproduced by assuming 
that the two populations 
have different ages.  
Following this scenario TERZAN 5  experienced at least 
two main episods of star 
spectroscopic screening of Ter5: chemistry 
NIRSPEC-Keck high res (R~25,000) spectra… 
33 stars belonging to the 2 RGBs observed in 2010  
Origlia et al. 2010 
The metallicity (iron) distribution is bimodal 
The α elements distribution is bimodal 
spectroscopic screening of Ter5: chemistry 
spectroscopic screening of Ter5: chemistry 
GCs show O-Al  
anti-correlation 
Carretta et al. 09-10 
neither each of the 2 SPs 
nor Ter5 as a whole show 
Al-O anti-correlation, but 
eventually some correlation  

spectroscopic screening of Ter5: chemistry 
 [α/Fe] 
+0.34 +/- 0.06 
+0.03 +/- 0.04 
Δ[α/Fe] ≅-0.3 
Δ[α/H] ≅0.2 
[Fe/H] 
-0.25 +/- 0.07 
+0.27 +/- 0.04 
Δ[Fe/H] ≅ 0.5 

BULGE-LIKE 
Iron and alpha –elements abundance  are similar to those 
measured in the Bulge suggesting a quite similar star  
formation and chemical enrichment processes 
The  observational facts demonstrate that 
Terzan 5 has experienced a quite complex formation history: 
1.  IT IS A STELLAR SYSTEM SELF-ENRICHED IN IRON. 
Hence it should have been much more massive in the past than 
what observed now (in order to retain the SN ejecta). We  
estimate that the current mass of Terzan 5 is a few 106 Mo.  
It could be the relic of a large stellar system  
(like Omega Cen).       
2. However it is unlikely that Terzan 5 is a system  “accreted” from 
outside the Galaxy, since the chemical composition of the two 
Populations  are  similar to that measured in Bulge stars, thus  
suggesting a Terzan5-Bulge “common” evolution 
(Terzan 5 a building block of the bulge?)        
Chemical evolution models (Ballero et al 2007) suggest that this trend  
can be reproduced by a high SFR and a flat IMF .. i.e. with a large 
number of SNII !!!    
SNII 
SNIa 
 The assumption of a similar scenario for TERZAN5  
would  naturally explain the large number of MSP 
     Many SNII   Many NS (most of them retained  
     by the Massive Proto-Terzan 5 system)   
          + high collision rate  ( Γ  ≈   ρ01.5    x  rc0.5) 
New values : ρ0≈2 x106 Mo/pc3   rc  ≈ 0.26 pc 
                      Lanzoni et al (2010, ApJ, 717, 653) 
Terzan 5 has  the largest collision rate of any stellar 
 aggragate in the Galaxy 
           many recycled NS  MSP 

Reading the CMD features in terms of 
 the SFH of a stellar aggregate  
BLUE 
PLUME 
Flags the 
presence of 
a  
Very young 
stellar 
population 
A WELL 
DEFINED 
RGB  
Flags the 
presence of 
a  
OLD (t>1-2 
Gyr) stellar 
population 
SFR=const since 13 Gyr SFR=const from 13 Gyr to 100 Myr ago + burst since 20 Myr 
Synthetic CMD can help in this game 
 age < 0.1 Gyr 
 0.1−1 Gyr 
 1−3 Gyr 
 > 3 Gyr 
Synthetic CMD of 50000 stars with (m-M)=19, 
E(B-V)=0.08 (e.g. an SMC region) and 
WFPC2 photometric conditions 
SFR=const since 13 Gyr SFR~ e–t/ since 13 Gyr 
=5 Gyr 
SFR=const since 13 Gyr 
with gap 3—2 Gyr ago 


Observed 
Synthetic 
Field  SFH 
Cignoni et al. 2011 
Courtesy A. Dolphin Holtzman et al. (2006)
CMDs homogeneously derived from WFPC2 archive  
Effect of distance on star resolution 
      on reachable lookback times / stellar ages 
Courtesy A. Dolphin 
CMDs homogeneously derived from WFPC2 archive  
Sextans A 
Dohm-Palmer et al 2002 
Spatially resolved SFH 
Gasping SF, reminiscent of Gerola et al’s (1978-80) SSPSF 
Contreras et al. 2011 
Distance from RGB Tip 
and Cepheids:  
(m-M)0 =31.4 ± 0.2  
⇒ D =19 Mpc 

